Abstract. The relative suitability of three prey organisms, Bemisia tabaci (Gennadius) eggs, B. tabaci nymphs, and Myzus persicae (Sulzer), to the ladybird Propylea japonica (Thunberg) was evaluated under laboratory conditions. The larvae developed fastest when fed M. persicae, and slowest on B. tabaci eggs. When fed M. persicae, all larvae successfully developed into adult with a growth index (i.e., percent pupation/larval period in days) of 13.16 and development rate of 0.096. The longevity of starving adults was 4.7 ± 0.2 days. In contrast, when fed B. tabaci eggs, all larvae survived to the second instars, 56.7% of which survived to the third instars, 13.3% to the fourth instars; only 6.7% of larvae survived to the pupal stage and the pupae developed into abnormal adults that died shortly. When fed B. tabaci nymphs, all larvae survived and successfully developed into adults with a growth index of 10.71 and development rate of 0.083. The adult body mass was greater when larvae fed M. persicae, compared to adults eclosing from larvae fed B. tabaci nymphs. On the basis of these findings, the order of suitability of three prey organisms for P. japonica is M. persicae > B. tabaci nymph > B. tabaci egg. This is the first record that P. japonica can complete its development when feeding exclusively on whitefly nymphs.
INTRODUCTION
The cotton whitefly Bemisia tabaci (Gennadius), occurring worldwide in tropical and subtropical climates (Jiang et al., 1999; Hilje et al., 2001) as well as in protected agricultural systems in temperate regions (Brown et al., 1995) , is a severe pest of numerous field and vegetable crops in many parts of the world (Gerling et al., 2001) , attacking more than 600 plant species (Secker et al., 1998) . The whitefly causes damage through feeding, honeydew production and resultant sooty mold, and disease transmission (Jones, 2003) . Although this pest has been known as a sporadic pest of cotton in China for a long time, its B-biotype has not become an important pest in northern China until 2000 (Wu et al., 2002) and has spread to 19 provinces to date (Ren et al., 2001 ). Many attempts have been made to control B. tabaci. Because of their high reproductive rate, multiple generations per year (Byrne & Bellows, 1991; Brown et al., 1995) , and ability to rapidly develop resistance to insecticides (Palumbo et al., 2001 ), the whitefly is very difficult to control through conventional approaches. Thus, biological control becomes the primary method to suppress whitefly populations in agroecosystems.
In developing an effective IPM program to control B. tabaci, it would be advantageous to maximize the effectiveness of several natural enemies. The predaceous coccinellids are important natural enemies of several small phytophagous insects and acarines and are therefore considered as potentially good biocontrol agents (Obrycki & Kring, 1998) . The ladybeetle Propylea japonica (Thunberg) is one of the predominant species of predators in northern China, preferentially preying on young larvae and eggs of many insect pests in the field and greenhouse vegetables. It is considered one of the best biocontrol agents in this arid and semi-arid area (Jing et al., 2002; Zhang et al., 2004) . The green peach aphid Myzus persicae (Sulzer), a severe pest on vegetables, stone fruit trees and tobacco throughout the world, causes damage to crops by direct feeding, but also serves as a vector for over 100 plant viruses, is one of the major prey species of P. japonica. During our investigation, the ladybird was frequently found in association with not only the green peach aphid but also with whiteflies in vegetable fields in northwestern China. This prompted us to speculate that P. japonica could prey on B. tabaci.
Measuring the voracity of predators is an important step in assessing the potential of a biological control agent. For generalist predators, however, the simultaneous presence of numerous pest species in the field can invalidate the results obtained in the laboratory with a single species of prey. Studying prey suitability for a predator is one of the important steps to evaluate the potential of the predator being used in biological control programmes for insect pests, which may determine the success or failure of predators in biological control systems (Thompson, 1951) . In this study, larval development, survival rate, adult body mass and longevity of P. japonica were measured to quantify the suitability of three prey items, B. tabaci eggs, B. tabaci nymphs and M. persicae.
MATERIAL AND METHODS
P. japonica adults and M. persicae, collected from the experimental farm of the Northwest Sci-Tech University of Agriculture and Forestry, were reared in the laboratory. In the experimental farm, the ladybird was frequently found in association with not only the green peach aphid but also with whiteflies. To obtain the desired stage of P. japonica, pairs were transferred onto cabbage leaves infested with M. persicae in round jars (8.0 cm in diameter and 10 cm in height) and kept at 25 ± 1°C, 60-70% RH, and a photoperiod of 16L : 8D. The leaflet was wrapped in an absorbent cotton ball in the jars covered with fine muslin cloths. The jars were checked daily and aphids were supplied each day. Once oviposition began, males were removed so females could oviposit in isolation; the newly deposited eggs were incubated under the same conditions. B. tabaci was collected from a natural infestation on poinsettia and reared on cabbage plants in mesh covered cages (60×60×60 cm) in climate chambers (20-30°C, 16L : 8D). To acquire the desired stages of B. tabaci, cabbage plants were exposed to B. tabaci adults in the stock culture cages for 12 h, and then incubated under the same conditions until the required stage for the experiments was reached. The whiteflies were monitored daily with a stereoscopic binocular microscope to determine the desired developmental stages (third-fourth instar nymphs) for our experiments.
The effects of different prey upon the development and immature survival of P. japonica were assessed. One hundred P. japonica eggs were collected from the laboratory-maintained stock and kept in a Petri dish (12.0 cm in diameter and 2.0 cm in height) until hatching. Moist filter paper was placed at the bottom of the Petri dish to maintain humidity. The duration of the egg stage was recorded and the first instars were transferred to Petri dishes (9.0 cm in diameter and 1.5 cm in height) using a soft camel hairbrush. The newly hatched first instars were individually placed in close vicinity to the prey. A fine muslin cloth, secured with a rubber band, covered the container.
Aphid prey was supplied on host plant leaves during the entire larval period. Aphids were replaced every 6 h to avoid microbial contamination. To provide whitefly prey, a cabbage leaf disc (5 cm in diameter) with only eggs or nymphs of B. tabaci was put into a Petri dish (9.0 cm in diameter and 1.5 cm in height). One first instar P. japonica was added to the arena. Afterwards, each P. japonica larva was transferred daily to a new arena containing fresh prey. To decide the adult hunger tolerances (i.e., how long the adult ladybirds lived without prey after eclosing), newly emerged P. japonica adults (max. 12 h old) were put singly into Petri dishes with moist filter paper without prey. The adults were inspected every day and the numbers of living and dead adults were recorded. All experiments were conducted in a climatic chamber at temperature of 25 ± 1°C, RH 60-70%, and a photoperiod of 16L : 8D. Thirty newly hatched P. japonica larvae (<12 h old) were reared on each kind of prey.
P. japonica larvae were checked every 6 h for eclosion or death. The development duration for each immature stage was recorded for each individual and the newly-emerged P. japonica were weighed using a micro-balance (accurate to 0.001 g) to record their initial body mass.
Immature survival rate, adult emergence and development rate (1/developmental period) were recorded using the following formulae, and growth index followed the formula proposed by Dubey et al. (1981) .
Survival rate (%) = Number of pupae formed /Number of first instars hatched × 100
Adult emergence (%) = Number of adults emerged /Number of pupae × 100
Growth index = Percent pupation /Larval period
Data analysis
Developmental duration of immature stages and overall development of P. japonica were analyzed by means of one-way analysis of variance (ANOVA); means were separated by LSD at 0.05 level. The experimental data were analyzed using the statistical package software SPSS 10.0 (2000).
RESULTS
When reared on B. tabaci eggs as prey, 4 of the initial 30 larvae reached the fourth stage (mortality of 86.7%), 2 reached the pupal stages (mortality of 93.3%); the pupae developed into abnormal adults that died shortly. Because of the very high mortality, the durations of fourth larval and pupal stages could not be compared with those of P. japonica feeding on the other two prey types. P. japonica larvae feeding on different prey varied significantly in their development duration (Table 1 ). The duration of first instar was the shortest on M. persicae, followed by B. tabaci eggs, and B. tabaci nymphs (F = 125.505; df = 2, 89; P < 0.001). The duration of the second instar was similar when larvae consumed M. persicae and B. tabaci nymphs, but longer on B. tabaci eggs (F = 10.663; df = 2, 89; P < 0.001). Similarly, the third instars took longer time to develop on B. tabaci eggs than on M. persicae or B. tabaci nymphs (F = 39.871; df = 2, 89; P < 0.001). However, the fourth instar duration did not vary significantly between feeding on M. persicae or on B. tabaci nymphs (F = 3.6013; df = 1, 59; P = 0.0627). The pupal durations of P. japonica differed significantly between feeding on M. persicae and on B. tabaci nymphs (F = 4.4658; df = 1, 59; P = 0.0389). The complete developmental period was significantly shorter when feeding on M. persicae than on B. tabaci nymphs (F = 69.9027; df = 1, 59; P < 0.001).
The body mass of newly emerged adults differed significantly after feeding on M. persicae and B. tabaci nymphs (Table 1) (F = 69.9027; df = 1, 59; P < 0.001). The adults weighed averagely 6.67 mg when emerging from the larvae predating M. persicae, while the lightest adults were those from larvae preying on the
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Means followed by the same letters in the same row are not significantly different at 0.05 level. The immature survival rates from the first instar to adult stage differed markedly among larvae feeding on the three prey items ( Table 2) . When larvae were fed B. tabaci eggs, all first instars molted to the second instar, 56.7% of which molted into third instar, 13.3% into fourth instar, and 6.7% successfully pupated. None of these pupae completely emerged. However, 100% of P. japonica larvae feeding on either B. tabaci nymphs or M. persicae survived to adulthood ( 2 = 52.500; df = 1; P < 0.001). The developmental rate for P. japonica varied from 0.052 to 0.096 on three types of prey ( Table 2 ). The growth index of P. japonica was the highest when feeding on M. persicae, followed by the group fed nymphs of B. tabaci and was lowest on B. tabaci eggs as prey. When larvae preyed either on B. tabaci nymphs or M. persicae, adult longevity under starvation was significantly different (F = 6.3771; df = 1, 59; P = 0.0143).
CONCLUSIONS AND DISCUSSION
Larval survival rate and growth and adult reproduction rate of coccinellids are closely associated with the quality of prey. Prey quality influences the development, survival and reproduction of coccinellids. Hodek (1996) made a distinction between essential prey and alternative prey for coccinellid predators. Consumption of essential prey provides for growth and development of larvae and reproduction by adults. Alternative prey provides energy and nutrients but does not enable development and reproduction of the coccinellid. The enhanced performance of coccinellid larvae on suitable prey may be due to higher protein levels or increased consumption (Omkar & Srivastava, 2003) . Our study showed that prey species had a substantial effect on the life history of P. japonica. M. persicae and nymphs of B. tabaci were suitable for development of P. japonica, satisfying the requirements as an essential prey. M. persicae appeared to be a more suitable prey for P. japonica than the nymphs of B. tabaci by allowing higher larval developmental rates. If P. japonica fed only on B. tabaci eggs in larval stage, they failed to survive to adult stage, suggesting that B. tabaci eggs were not a suitable prey for P. japonica larvae. The younger larvae of P. japonica may not have very strict nutritional requirements, or they could survive on this prey of poor nutritional value. The older larvae were either very strict for their nutritional requirements, or the poor nutrition in early development created a "nutritional deficit" that must be compensated for successful development. In insects, suppression of growth and developmental rate during the larval stage is likely to affect the size and maturation of adults, which in turn may lead to reduced reproductive success or survivorship.
Several species of Coccinellidae are considered important natural enemies of whiteflies (Obrycki & Kring, 1998) . These include Serangium parcesetosum that feeds on eggs and nymphs of B. tabaci (Legaspi et al., 1996) . B. tabaci pupae were more suitable prey for the development of S. parcesetosum larvae than nymphs and eggs, while pupae and nymphs were more suitable for the coccinellid females (Al-Zyoud & Sengonca, 2004) . On the other hand, B. tabaci eggs were more suitable for Serangium japonicum than nymphs (Jing et al., 2004) . Two other species, Clitostethus arcuatus (Kirk & Thistlewood, 1999) and Delphastus catalinae (Hoelmer et al., 1993) feed on all developmental stages of B. tabaci and reproduction of the latter depends on high whitefly densities (Gerling & Stern, 1993; Heinz & Parrella, 1994) . This study is the first record that P. japonica larvae can complete its development when feeding exclusively on B. tabaci nymphs. Nymphs of B. tabaci were more suitable prey than the eggs.
In northern China, B. tabaci and M. persicae often coexist both in the field and on greenhouse grown vegetables, although their relative abundance varies over time. Since P. japonica is an effective predator of aphids (Zhang et al., 2004) , the possibility of utilizing a single natural enemy to control mixed populations of aphids and whiteflies may reduce costs when P. japonica is used for whitefly control in greenhouses. In addition, because P. japonica preys on all whitefly stages, it can survive throughout the season in absence of aphids.
Our study did not examine the effects of prey species on the reproduction of P. japonica, which is another criterion for an essential prey (Hodek, 1996) . Adults of P. japonica reared on the M. persicae were larger than those reared on the nymphs of B. tabaci. The influence of B. tabaci nymphs as prey upon the reproduction of P. japonica needs further investigation. 
